Abstract: Aluminum alloy A356 matrix syntactic foams filled with SiC hollow particles (SiCHP) are studied in the present work. Two compositions of syntactic foams are studied for quasi-static and high strain rate compression. In addition, dynamic mechanical analysis is conducted to study the temperature dependent energy dissipation and damping capabilities of these materials. The thermal characterization includes study of the coefficient of thermal expansion (CTE). A356/SiCHP syntactic foams are not strain rate sensitive as the compressive strength displayed little variation between the tested strain rates of 0.001-2100 s −1
Introduction
Syntactic foams are hollow particle filled composite materials that are classified as closed-cell foams. Presence of hollow particles provides these materials with a set of unique properties which include sufficiently high strength to enable structural applications, large densification strain that results in high energy absorption capability, and low coefficient of thermal expansion (CTE) leading to better dimensional stability. The wall thickness, volume fraction, and bulk density of hollow particles can be used to tune properties of syntactic foams [1] [2] [3] [4] [5] . Methods used for synthesizing particle reinforced metal matrix composites (MMCs) can be adapted to synthesize metal matrix syntactic foams (MMSFs).
Lightweight but stronger materials can reduce the weight of automotive structures, which translates into reduced fuel consumption and emissions. Lightweight syntactic foams are candidate materials for several components in automobiles and other modes of transportation [6] . Due to the ability of syntactic foams to absorb large amounts of compressive energy, they are used in automotive crash structures. In addition, this weight saving can lead to increased payload capacity in aerospace and marine applications [7] [8] [9] . Aluminum and magnesium matrix syntactic foams have been extensively studied in the recent literature [3, 10] . Syntactic foams of heavier metals and alloys such as iron [11, 12] , Invar [11] , titanium [13, 14] , and zinc [15] have also been studied because the reduced density of these materials can enable weight saving in their existing applications. Most of these studies have used fly-ash cenospheres and hollow particles of ceramics such as SiC or Al2O3 as fillers.
Several studies are available on compressive properties of aluminum matrix syntactic foams (AMSFs). A356 alloy has been used with expanded perlite particles to synthesize very low density (1.05 g/cm 3 ) syntactic foams. The plateau strength of as-cast and heat treated syntactic foams varied between 29 and 52 MPa [16] . A356/alumina hollow particle syntactic foams did not show strain rate sensitivity in compressive properties. The foam with higher density or hollow particle wall thickness had higher compressive properties [17] . Studies of A356/alumina and A2014/cenosphere filler syntactic foams showed that under compression, syntactic foams develop shear zones along which particles fracture and densify. The size of the densification zone increases with compressive strain and results in the stress plateau seen in the stress-strain diagrams of these materials [17] [18] [19] . Similar features are observed in the compression testing of pure Al/alumino-silicate hollow sphere
AMSFs [20] . Al 1100 and Al 6061 alloy matrix AMSFs are also found studied and the results show that the precipitation strengthening mechanism in Al 6061 alloy helps in improving the properties of syntactic foams compared to other alloy systems [21] . Heat treatment is found to have a remarkable effect on the compressive properties of A206/alumina syntactic foams [22] . Al 7075 matrix tested under impact loading conditions showed 20%-30% higher plateau stress compared to that under quasi-static compressive condition [23] . The results of this study indicate some effect of strain rate on the material. However, difference in the impact and static compressive loading test methods can also lead to some difference in the results obtained through these methods. In testing a multilayer structure containing Al 6061/cenosphere syntactic foam sandwiched between solid aluminum and steel specimen, it was concluded that the syntactic foam showed strain rate sensitivity at 2650 and 3350 s −1 strain rates compared to the quasi-static values [24] . Compared to the vast amount of literature available on the compressive properties of AMSFs, only one study was found on the dynamic mechanical analysis (DMA) [17] . One of the main reasons for this lack of studies may be that DMA relies on measuring damping properties of materials, which are mainly contributed by viscoelasticity. Metals do not show viscoelastic behavior at low temperatures. However, the response of metals at high temperatures can be different. In addition, inclusion of ceramic particles is expected to improve their thermal stability compared to the matrix alloy and make a difference in their high temperature behavior. Therefore, it is important to analyze the high temperature dynamic properties of MMSFs. The CTE of AMSFs is also scarcely studied [25] . Al/fly ash syntactic foams were found to have lower CTE than that of the matrix alloy. Numerical studies on CTE are available mainly for polymer matrix syntactic foams, which can be generalized to AMSFs because the simulations are conducted using only elastic constitutive models [26] . However, at high temperature, the possibility of phase transformation, precipitate dissolution, oxidation, change in the particle-matrix interface structure, and diffusion are neglected in these studies, which can be relevant to AMSFs.
In the present work, A356 matrix SiC hollow particle (SiCHP) filled syntactic foams are studied for quasi-static and high strain rate compression, thermal expansion, and dynamic mechanical properties. Extensive failure analysis is conducted through microscopy to understand the failure mechanisms under compressive loading conditions at different strain rates. Studies focusing on the compressive properties of aluminum/SiC syntactic foams are available and the results of the present work are compared with the existing results. High temperature damping, energy storage and dissipation capabilities are important for such materials in predicting their service life and limits.
Materials and Methods

Materials
A356 alloy is used to synthesize syntactic foams by using a pressureless infiltration method in a bed of hollow SiC particles [17] . In the present work, two sample types were studied, which are referred to as S1 and S2 types and had measured densities of 1.71 ± 0.06 and 1.84 ± 0.03 (g/cm 3 ), respectively.
The mean particle diameter is 1 mm for both particle types while the wall thickness for particles used in sample types S1 and S2 are 67.8 ± 13.6 and 79.3 ± 20.5 μm, respectively. The density of syntactic foams is calculated by measuring the dimensions and weight of compression test specimens. The SiCHP volume fractions for both syntactic foam types were approximately 60%. The true particle densities of these SiCHP cannot be measured because of porosity in their walls [27] . The porosity in the walls results in having lower mechanical properties compared to SiC particles that have the same true particle density but have fully dense walls.
Quasi-Static Compression
The quasi-static compression testing was conducted using an Instron 4469 test system equipped with a 50 kN load cell. Bluehill 2.0 software (Instron Inc., Norwood, MA, USA) was used for acquisition of load and displacement data. Three different specimens were tested at strain rates of 10 −2 s −1 and 10 −4 s −1 . A thin layer of grease was applied during compression to avoid specimen barreling effect due to friction. The cylindrical test specimens had a nominal diameter of 10 mm and thickness of 5 mm. The same specimen dimensions were maintained for the quasi-static and high strain rate compression tests, so that the results can be directly compared.
High Strain Rate Compression
The high strain rate compression (HSR) test was conducted using an in-house developed split-Hopkinson pressure bar (SHPB) setup, in the strain rate range of 800-2100 s −1 . A cylindrical specimen is placed between the two long slender bars, called the incident and transmitter bars. Grease is applied to both ends of the specimen. Strain pulse signals from the incident and transmitter bars are collected using strain gauges. Considering one-dimensional wave propagation in the bars, the strain rate, stress, and strain in the specimen can be calculated by
where A and E are the cross sectional area and Young's modulus, respectively, of the incident and transmitted bar material and cb is the sound wave velocity in the bar. The constants l0 and A0 are the initial length and cross sectional area of the specimen, respectively. The variable t represents time, εr(t) and εt(t) are the reflected and transmitted axial strain pulses, respectively. The details of the test instrumentation and calculation procedure have been published elsewhere [28, 29] . In this work, incident, transmitted, and striker bars of Inconel alloy were used. The Young's modulus and density of the Inconel alloy used in the calculations were 195 GPa and 8400 kg/m 3 , respectively. The length and diameter of the incident and transmitted bars were 1.83 m and 12.7 mm, respectively.
Failure Analysis
The failure analysis was conducted using a Hitachi S-3400N (Tarrytown, NY, USA) variable pressure scanning electron microscope (SEM), which is equipped with secondary electron and backscattered electron detectors. The specimens were sputter coated with gold before the SEM observation using Leica EM SCD050 (Leica Microsystems Inc., Buffalo Grove, IL, USA).
Dynamic Mechanical Analysis
A Q800 (TA Instruments, New Castle, DE, USA) dynamic mechanical analyzer (DMA) was used to test the specimens at a constant frequency of 1 Hz in the temperature range of 35-510 °C under three-point bend configuration. A static force of 1 N was applied at the mid-point of the specimen and the span length was fixed at 50 mm. The nominal dimensions of the syntactic foam specimens were 10.5 mm width and 3.5 mm thickness. The pins were roller supported type to provide uniform loading on the material and to inhibit friction effects.
Thermo-Mechanical Analysis
The coefficient of thermal expansion (CTE) was determined using a Q400 thermo-mechanical analyzer (TA Instruments, New Castle, DE, USA). The specimens were tested from an initial temperature of 35 °C -405 °C at the ramp rate of 10 °C/min. A preload of 0.05 N was applied. The specimens had a nominal height and diameter of 10.5 and 10.0 mm, respectively. The glass probe which measures the dimensional change and applies the preload on the specimen was placed directly at the center on the top surface of the specimens. The CTE (α) was determined by
where l0 is the initial specimen height and t is time and dl/dt denotes the slope of the change in specimen height over change in temperature.
Results and Discussion
Microstructure
Extensive microscopy was conducted on several specimens in the as-synthesized condition. Figure 1 shows the microstructure of a randomly selected S1 type AMSF specimen. A continuous interface is observed between particles and the matrix. It is observed that the SiCHP have porous walls. Such particles have been previous studied in detail through microscopy and single particle compression method [27] . The porosity in the wall makes these particles lighter than the similar sized particles that have fully dense walls. However, it also results in lower strength in these particles than that expected from particles of the same material having fully dense walls [30] . Similar features are observed for S2 specimens in Figure 2 . The SiCHP hollow particle can be seen well dispersed in both specimens. The micrographs show that the particles survive the composite synthesis process. The layer of matrix alloy between closely spaced hollow particles shows good wetting at the matrix particle interface, which can provide high interfacial strength and mechanical interlocking between the particles and matrix material. (c)
Quasi-Static Compression
The stress-strain relation for a representative specimen of each sample types can be seen in Figure 3 . These graphs are qualitatively similar to those previously observed for A356 matrix syntactic foams containing SiCHP or Al2O3-HP fillers [9, 17] . The curves show an initial linear elastic region at the end of which the stress drops sharply due to onset of particle failure. The stress becomes relatively constant over a large strain range, known as the plateau region. In this region, particle crushing and foam compaction take place. Following the plateau region, the stress begins to rise again as the material densification completes [18, 20, 31, 32] . These graphs are used to calculate the compressive strength of syntactic foams, which is defined as peak stress following the linear elastic region, plateau strength and densification strain. The quasi-static compression results for the S1 and S2 syntactic foams are summarized in Table 1 respectively, while the S2 type had a compressive strength and specific compressive strength of 161.1 MPa and 87.4 MPa/(g/cm 3 ), respectively. The S2 type has a higher compressive strength when compared to the S1 type, yet due to its higher density it has a lower specific compressive strength. However, the standard deviations overlap for the two composites so this trend cannot be strongly identified from the results. Having the densities of both composites only slightly different contributes to the overlapping trends. It is also observed that S1 and S2 AMSFs have plateau stress of 103.0 and 109.0 MPa, respectively. These results show that the syntactic foam having higher density has higher compressive strength and plateau strength. Previous studies have also shown that aluminum is not strain rate sensitive [9] , especially at such low strain rates. The strain rate insensitivity is related to the crystal structure of aluminum, which is face centered cubic (FCC). The FCC crystals contain close-packed plains and 12 slip systems. The activation energy for slip on the close-packed plains is relatively lower compared to planes having lower atomic densities. Hence, the strain rate sensitivity is not observed in most FCC metals at low strain rates. The precipitates and grain boundaries present in the material microstructure may result in some strain rate sensitivity at high strain rate.
The densification strain was taken as the point where the stress after the plateau region equals the compressive strength. The densification strains of S1 and S2 syntactic foams were 0.44 and 0.41 mm/mm, respectively. The S2 syntactic foam contains thicker walled particles, hence, lower porosity in the denser specimen likely results in smaller densification strain.
Several observations made in the published literature can provide additional insight into the behavior of AMSFs. Some of the relevant observations are summarized here. Orbulov et al. reported that the mechanical properties of AMSFs can be tailored by mixing different material types of hollow particles, thus creating a hybrid syntactic foam [33] . Rocha Rivero et al. studied the effect of matrix strength and reported that the peak strength, plateau strength, and toughness of the syntactic foam increased with the increase of yield stress of the matrix material [34] .
A comparison of the results obtained from the present work and the literature data is presented in Figure 4 , where Figure 4a includes different types of alloys and Figure 4b includes only the available results on syntactic foams using A356 alloy [9, 17, [35] [36] [37] [38] [39] [40] . Many different types of particles have been used in these studies with metallic matrices. It is observed in both Figure 4a ,b that most of the data are located in a narrow band with a clear trend that the higher density foams have higher strength. Within syntactic foams of one alloy, heat treatments are found to be effective in increasing the strength without affecting the density. Comparing the results of A356 alloy syntactic foams, it could be observed that fly ash cenosphere fillers show the highest strength. However, control over the size and wall thickness of fly ash cenospheres is difficult. Ceramic hollow spheres are a good alternative to fly ash; however, availability of high quality ceramic particles with defect-free walls can also help in producing syntactic foams with higher performance. It should also be noted that a large number of studies have been conducted in the past three years, which demonstrates increasing interest in such lightweight materials for industrial applications. 
High Strain Rate Compression
The stress-strain trend at HSR compression is qualitatively similar to the quasi-static compression. However, the end of the HSR compression test may not mark complete densification because the time duration of the test depends on the pulse length obtained in the SHPB test instrumentation. HSR compression test results are summarized in Figure 5 . It is observed in Figure 5a that the syntactic foams do not show any measurable strain rate sensitivity. Syntactic foams have been tested in the strain rate range of 800-2100 s −1 as observed in Figure 5a . The compressive strength over the entire set of high strain rates is found to be 138.8 ± 4.5 and 139.5 ± 5.3 MPa for S1 and S2 syntactic foams, respectively. The HSR strength values are 8.9% and 13.3% lower than the quasi-static compressive strength values for S1 and S2 foams, respectively. The small difference with partially overlapping standard deviations does not provide evidence of strain rate sensitivity in the A356/SiCHP syntactic foams under HSR compression. (a) (b) Figure 5 also shows results from a previous study on A356/SiCHP syntactic foam containing a different particle size and volume fraction [9] . The results of the previous study and of the current work show similar trends. However, the conclusion that A356/SiCHP syntactic foam is not strain rate sensitive within the quasi-static and high strain rate regimes is limited to the strain rates used in the present work, which span from 0.001-2100 s −1 . Several existing studies are focused on strain rate sensitivity of aluminum syntactic foams with different types of particles [7, 8, 41] . Dou et al. report strain rate sensitivity for cenosphere-pure aluminum syntactic foams, for strain rates ranging from quasi-static to 5000 s −1 [41] . They observed complete densification of the cenosphere-pure aluminum syntactic foams. The specific compressive strength is shown in Figure 5b . The specific compressive strength for the S1 and S2 type syntactic foams was measured as 81.2 and 76.1 MPa/(g/cm 3 ), respectively. The strain rate insensitivity of the A356/SiCHP syntactic foams makes them useful for application in crash structures, as the identical mechanical properties along varying strain rates is ideal for structures that could be subjected to a wide range of impact intensities since their energy absorption capability can be predicted by simple quasi-static tests. The micrographs of a representative specimen tested at 1700 s −1 strain rate are presented in Figure 6 .
Arrows indicate the loading direction relative to the orientation of the image. These micrographs reveal that the HSR test resulted in cracking of SiCHP in the loading direction. Figure 6 also shows hollow particle crushing and plastic deformation of the matrix material. The fracture mechanism of A356/SiCHP syntactic foams has been documented in detail in previous studies [9] . It is noted that the failure of the material starts at the peak stress at the end of the elastic region in the form of particle cracking. However, subsequent compression results in formation of macroscopic deformation bands in the specimens along the shear directions, which result in plastic flow of metal and shear failure of particles. The growth of these shear zones results in complete densification of the material and constitutes final failure. The extent of densification in HSR testing depends on the compressive strain obtained in the SHPB instrumentation. These failure mechanisms are similar for quasi-static and HSR compression in the strain rate range tested in the present study. There is no indication of particle-matrix interfacial failure under either quasi-static or HSR compression. 
Dynamic Mechanical Analysis
Although the energy absorption and damping capabilities are important for many applications, these properties have not been widely studied for metal matrix syntactic foams. There is a very limited amount of literature available concerning DMA for particulate MMCs, particularly on SiC reinforced MMCs [36, [42] [43] [44] . DMA can measure the stiffness and damping of a material over a large range of temperatures and loading frequencies. The results of DMA testing are shown in Figure 7 , where graphs present storage modulus and loss modulus with respect to temperature. The results of A356 alloy are taken from a recent study [17] . Both syntactic foams show similar behavior for storage and loss moduli. Syntactic foams show a decrease in storage modulus as the temperature increases in Figure 7a . The storage modulus-temperature profile is nearly linear for syntactic foams in the test temperature range. In comparison, the alloy shows a bilinear curve with respect to temperature. There is a steep decrease in storage modulus above 375 °C. The results show that the storage modulus of alloy is higher than that of the syntactic foams but the difference decreases rapidly after the transition temperature. The loss modulus shows an opposite trend in Figure 7b . The loss modulus increases with temperature. It is observed that the loss modulus of the alloy is comparable to that of syntactic foams at low temperature. However, at temperatures above 250 °C the loss modulus of the alloy starts to increase rapidly and shows a peak around 460 °C. Syntactic foams show a more stable thermal behavior and do not show evidence of a peak within the test temperature range. The ratio of loss to storage modulus is defined as the damping parameter tanδ. The damping parameter of syntactic foams is higher than that of the alloy at temperatures below about 425 °C as observed in Figure 8 . Above this temperature, the damping parameters of composites and the alloy become nearly the same. The porosity in the walls of particles is expected to help in obtaining higher damping the syntactic foams. The values of storage modulus, loss modulus and tanδ are extracted from the graphs at three different temperatures of 50, 200 and 400 °C and are presented in Table 2 . These temperatures are arbitrarily selected to cover different trends and observe the difference in values. The properties can be extracted at any other temperature of interest based on the applications of these materials. There are some important trends to note in this table. It is observed that the due to a lack of viscoelasticity in aluminum alloy, the storage modulus is nearly the same as the elastic modulus. It is also observed in that the loss modulus is negligible compared to the storage modulus. The value of the loss modulus for the A356 alloy is only 1.4% compared to the storage modulus at 50 °C. The damping parameter tanδ is also negligible at 50 °C. As the temperature is increased, the stiffness of the material decreases, which is reflected as the reduced storage modulus. Correspondingly, the loss modulus increases. At 400 °C the value of the loss modulus for the alloy is 12% compared to the storage modulus and tanδ increased by a factor of 8.6 compared to the value at 50 °C. Similar changes are observed in the properties of syntactic foams. Difference in the stiffness of the particle and matrix material is expected to help in providing damping at high temperatures by causing deformation along the particle-matrix interface. Figure 9 shows micrographs of a specimen after DMA testing. Cracks in the SiCHP can be observed in this figure after the testing. Oxide layer formation on the aluminum alloy matrix also takes place due to high temperature during the testing.
A representative thermal strain curve with respect to temperature is shown in Figure 10 for a randomly selected S1 syntactic foam specimen. The curve shows two different linear regions, so the CTE values are calculated in temperature ranges of 100-200 °C and 300-400 °C. The results are summarized in Table 3 for CTE values of A356/SiCHP syntactic foams. The percent change from the lower temperature range to the higher temperature range is 40.1% and 38.7% for the S1 and S2 sample types, respectively. The S1 and S2 type AMSFs had average CTE values of 14.60 ± 0.91 and 15.74 ± 0.70 (×10 −6 °C −1 ), respectively. Comparing the CTE value of 23.4 × 10 −6 °C −1 for the A356 alloy [45] with those of the two syntactic foams, it is clear that the addition of SiCHP into the matrix resulted in a lower CTE. Figure 9 do not show interfacial failure between particle and matrix, likely due to the surface porosity on the SiCHP leading to mechanical bonding between particle and the matrix.
Thermomechanical Analysis
A representative thermal strain curve with respect to temperature is shown in Figure 10 for a randomly selected S1 syntactic foam specimen. The curve shows two different linear regions, so the CTE values are calculated in temperature ranges of 100−200 °C and 300−400 °C. The results are summarized in Table 3 alloy [45] with those of the two syntactic foams, it is clear that the addition of SiCHP into the matrix resulted in a lower CTE. (a) (b) Figure 10 . Thermal strain-temperature response for one specimen of S1 syntactic foam. Previous studies have also noted that syntactic foams have a significantly lower CTE compared to the matrix material. A similar level of CTE reduction in commercially pure AMSFs containing fly ash cenospheres was observed [25] . Fly ash particles are primarily composed of alumina, silica, and iron oxides. These ceramic particles reduced the CTE of aluminum from 25.3 × 10 −6 °C −1 to 11 × 10 −6 °C −1 [25] . Labella et al. reported up to 67% decrease in CTE compared to that of polymer matrix material for 60 vol. % fly ash cenosphere filled vinyl ester matrix syntactic foams [46] . For particulate MMCs, the CTE of the composite was found to increase with prestraining of the matrix [47] . It was also observed that increase of particle content decreased the CTE of particulate MMCs [47] . Elomari et al. reported that the CTE of the composite is dependent on a range of mechanisms from plastic yielding to volume fraction of the fractured and broken particles [47] .
Conclusions
Aluminum alloy matrix SiC hollow particle reinforced (A356/SiCHP) syntactic foams are studied in the present work for quasi-static, dynamic, and thermal properties. The A356/SiCHP AMSFs were manufactured in two different densities using SiCHP of different wall thicknesses. These syntactic foams are referred to as S1 and S2 type syntactic foams in this study. The following conclusions are drawn from the experimental results and analysis.
 The S1 and S2 type specimens had average densities of 1.71 and 1.84 g/cm 3 , respectively.
The compressive strength of higher density foam was higher. The compressive strength of S1 and S2 syntactic foams was measured as 152.4 and 161.1 MPa, respectively.  A356/SiCHP syntactic foams did not show strain rate sensitivity in the range studied in the present work for both the S1 type and S2 type.  The S1 and S2 type syntactic foams had specific quasi-static compressive strength of 89.1 and 87.4 MPa/(g/cm 3 ), respectively, and a specific high strain rate compressive strength of 81.2 and 76.1 MPa/(g/cm 3 ), respectively.
 The failure at high strain rate is initiated from the particle cracking and shear band formation in the matrix. A large compressive strain can be obtained in syntactic foams before densification because of a high volume fraction of porosity in the microstructure.  The DMA testing showed that the storage modulus of syntactic foams is lower than that of the matrix alloy. It is also observed that the storage modulus of alloy decreases rapidly above a transition temperature, whereas the rate of decrease of storage modulus was nearly the same for syntactic foams in the test temperature range. Syntactic foams had a higher loss modulus than the matrix alloy at low temperatures. Due to the lack of viscoelasticity in metals, the storage modulus of the alloy was nearly the same as the elastic modulus and the loss modulus was comparatively negligible (two orders of magnitude lower).  Syntactic foams had lower CTE compared to the matrix alloy. The syntactic foam demonstrated a higher CTE values at higher temperature.
